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Abstract 

Background: The intracranial aneurysm (lA) size lias been proved to have innpacts 
on the hemodynamics and can be applied for the prediction of lA rupture risk. 
Although the relationship between aspect ratio and hemodynamic parameters was 
investigated using real patients and virtual models, few studies focused on 
longitudinal experiments of lAs based on patient-specific aneurysm models. We 
attempted to do longitudinal simulation experiments of lAs by developing a series 
of scaled models. 

Methods: In this work, a novel scaling approach was proposed to create lA models 
with different aneurysm size ratios (ASRs) defined as lA height divided by average 
neck diameter from a patient-specific aneurysm model and the relationship between the 
ASR and hemodynamics was explored based on a simulated longitudinal experiment. 
Wall shear stress, flow patterns and vessel wall displacement were computed from these 
models. Pearson correlation analysis was performed to elucidate the relationship between 
the ASR and wall shear stress. The correlation of the ASR and flow velocity was also 
computed and analyzed. 

Results: The experiment results showed that there was a significant increase in lA area 
exposed to low WSS once the ASR > 0.7, and the flow became slower and the blood was 
more difficult to flow into the aneurysm as the ASR increased. Meanwhile, the results also 
indicated that average blood flow velocity and WSS had strongly negative correlations 
with the ASR (r = -0.938 and -0.925, respectively). A narrower impingement region and a 
more concentrated inflow jet appeared as the ASR increased, and the large local 
deformation at aneurysm apex could be found as the ASR > 1.7 or 0.7 < the ASR <1.0. 

Conclusion: Hemodynamic characteristics varied with the ASR. Besides, it is helpful to 
further explore the relationship between morphologies and hemodynamics based on a 
longitudinal simulation by building a series of patient-specific aneurysm scaled models 
applying our proposed lA scaling algorithm. 
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Background 

Intracranial aneurysms (lAs) are pathological dilatations of cerebral vascular wall which 
are mostly located at the bifurcations of Circle of Willis [1-3]. Ruptured intracranial 
aneurysms usually lead to subarachnoid hemorrhage, resulting in considerable morbidity 
and mortality [4-7]. Therefore, it is very important and essential for clinicians to evaluate 
and predict intracranial aneurysm rupture risk, which is helpful in preoperative planning 
and preemptive treatments of lAs. 

The morphological parameters (e.g. shape, size and location) have been proved to 
have impacts on the hemodynamic characteristics in lAs, which can be further used for 
the prediction of lA rupture risk [8]. The lA size has been widely considered as 
one of the key geometric parameters for the clinical assessment of lA rupture risk 
[9]. Besides, reports of International Study Group of Unruptured Intracranial 
Aneurysms (ISUIA) and other clinical reports indicated that the evaluation of lA 
rupture risk and the selection of cerebral surgical treatments generally depend on 
the lA size index with the evidence that the lA rupture risk increases as the lA 
enlarges [10-12]. Usually, lAs with a size of lager than 10 mm are regarded to be 
at a high rupture risk. On the other hand, some previous clinical studies showed 
that a lot of ruptured lAs had a size of smaller than 10 mm [13,14]. To date, 
there is still a controversy on the relationship between lA size and lA rupture 
risk, which need to be further investigated with more reliable methods and more 
concrete qualitative and quantitative analysis. 

In order to explore the effect of lA size indices (such as aspect ratio defined as 
the lA height divided by the lA neck width) on hemodynamic parameters and the 
associated ability of predicting the lA rupture risk, many experiments based on 
computational fluid dynamics (CFD) have been carried out with real patient-based 
lA models and virtual lA models [15,16]. High average pressure was observed acting on 
the vessel wall within real patient lA models when the lA had a large aspect ratio [17]. 
The aspect ratio was also applied to identify the ruptured lA with a classification accuracy 
of nearly 66% based on an experiment including 55 real patient I As (31 ruptured and 24 
unruptured) [18]. However, no significant impact of I A aspect ratio on WSS was observed 
in 34 real unruptured and ruptured I A models [19]. The results of experiments based on 
real patient models were affected by the parent vessel geometry and lA shape and size, 
which led to the difficulty of investigating the impact of a single morphological parameter 
on hemodynamic characteristics. Meanwhile, the measurements of lA height and neck 
width in the computation of classical aspect ratio depend on the rotation of lA 3D images, 
so different values of aspect ratio may be obtained even for the same I A model [20]. 
Experiments with virtual expansion of lA could hold the parent vessel geometry invariant 
and was helpful for observing the impact of aspect ratio on rupture risk effectively. A 
study based on a series of simple virtual scaling spherical lA models, which consisted of 
lateral aneurysms on tubes with 3 mm diameter representing large arteries, was carried 
out. And the results showed that the value of WSS acting on dome area increased with 
the decreasing dome-neck ratio. In addition, by just changing the depth of an aneurysm 
while keeping the neck width constant, idealized lA models with different aspect ratios 
were built to explore the relationship between aspect ratio and hemodynamics [21]. Also, 
spherical and egg-shaped' patient-specific aneurysm models of varying aspect ratios were 
created to analyze the effects of aspect ratio on hemodynamics. The aneurysm sac 
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was firstly separated from the real parent vessel and then integrated with an invariant 
idealized parent vessel Lastly, a significant correlation between aspect ratio and energy 
loss was found [22] . 

In this paper, to better evaluate the relationship between the aneurysm size index 
and hemodynamic characteristics of lAs, we developed a size ratio scaling algorithm to 
create a series of aneurysm geometric models with different aneurysm size ratios (ASR) 
from a patient-specific lA model. Then, we applied a fully coupled fluid-structure 
interaction (FSI) simulation to obtain the WSS, flow patterns and wall displacement of 
the scaled lA models under pulsatile blood flow conditions. Analysis of hemodynamics 
among these scaled models is expected to give an insight into the relationship between 
ASR and intra-aneurysmal hemodynamics. 

The paper is structured as follows: In Background section, previous studies and 
our work were briefly presented in the introduction section; Methods section 
described the details of the proposed scaling method, the construction of patient-specific 
models and the numerical simulation of lA models; Results was elucidated in Results 
section; Discussion was presented in the last section of the paper. 



Methods 

The original model 

Patient-specific 3DRA images were acquired on a GE LCV + Digital Subtraction system 
(LCV; GE Medical Systems) during a 200° rotation at a rate of 8.8 frames/s. The 
88 projection images were converted into a 3D dataset using isotropic voxels on a 
dedicated GE workstation (Advantage Unix; GE Medical Systems). The raw DICOM file 
was firstly imported into the Mimics 10.0 software (Belgium Materialize company). Then 
the geometry of lA was extracted using an image cropping threshold, which was set 
manually, and further converted into a triangulated surface model. The blood vessel wall 
was constructed by extracting the surface along the normal direction of the wall in 
Geomagic 2012 software (Raindrop Geomagic, Durham, USA). The surface contour 
model was transformed into a 3D-soildvolume model by using the SolidWorks 
2012 software (SolidWorks Corp, Concord, MA). The original model was thus 
constructed (Figure 1). The participants gave their informed consents and the Ethics 
Committee of Beijing Tiantan Hospital Affiliated to Capital Medical University approved 
the protocol of this study. 




Original Surface Model Shelled Surface Model 3D Volume Model 

Figure 1 The reconstruction of original aneurysm model. The generations of original surface model, 
shelled surface model and 3D volume model are the main procedures in the reconstruction of aneurysm 
model based on a patient-specific aneurysm data. 

V J 
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The scaling models 

Firstly, we defined an lA size index termed ASR (Aneurysm Size Ratio, ASR), which 
was similar to the aspect ratio. The ASR was defined as the lA perpendicular 
height divided by the average neck diameter (Figure 2), 

By scaling up or down the lA sacculus of the original patient-specific model, a series of 
scaled models with different ASRs were created, while other morphological parameters 
were kept constant. The details of the scaling method are presented as follows: 



1. In order to change the size of the I A sac while keeping the parent vessel 
unchanged, we firstly determined the aneurysm neck cutting plane at which a clip 
was expected to be implanted for a surgical treatment of the patient. The cutting 
plane was used to separate aneurysm from the parent vessel. Figure 3 shows the 
neck cutting plane and the aneurysm sac isolated from the parent vessel 
respectively. 

2. A new coordinate system (XYZ) was established through a rigid transformation of 
the original coordinates {X,Y,Z) in Geomagic 2012 software (Raindrop Geomagic, 
Durham, USA) such that the aneurysm neck plane was parallel to the XY plane in 
the new coordinates and Z-value of the aneurysm neck plane was defined as d. The 
rigid transformation applied is expressed below: 
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Average diameter=Perimeter/n; 
ASR=Height/Average diameter 

Figure 2 The definition of ASR (Aneurysm Size Ratio). The height is the perpendicular distance from 
the necl< plane to the apex of the aneurysm sacculus, and the average diameter is computed from the 
perimeter of the aneurysm neck. 
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The neck plane 




(a) 



(b) 



Figure 3 The neck cutting plane and the aneurysm sac separated from thie parent vessel, (a) Cutting 
plane which was used to separate the aneurysm sac and parent vessel; (b) Separated aneurysm sac which 
would be scaled in the experiment (shown in red). 



where p,q,r represente the displacements along x,y,z coordinates, respectively, and 0, 
0), 6 represente the angles rotating around the x,y,z coordinates, respectively. 

3. The geometric center of the aneurysms neck was obtained by using Geometric 12.0 
software (Raindrop Geomagic, Durham, USA), and represented by {x^.ymy ^m) fem = 

4. In order to obtain the scaled models of the aneurysms sac, we linearly scaled the 
sac of the original aneurysms model by the following scaling transformation. 
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where {x,y,z) is the pre-transformed point, and {xt.yuZ^ is the post- transformed point 
in the same coordinate system {XYZ), h is the perpendicular height of the aneurysms 
from the neck plane to the aneurysm dome, k is the scaling factor which represents the 
ratio of the height of the scaled lA sac model to that of the original sac.<3^, b, c are 
the scaling factors along x,y,z coordinates, respectively. 

5. The scaled I A sac and parent vessels were saved as an integral data in the format of 
STL for later FSI analysis. 

In this work, the parameters a^byC were set to be 2, 2, 1, respectively. The ASR was 
scaled up or down by adjusting k value, and the scaled models with ASRs of 0.3, 0.5, 
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07, 1.0, 1.3, 1.5, 1.7 and 2.0 were created. The choice of the ASR parameters in this 
experiment was based on the ASR distribution of patient datasets from Beijing Tiantan 
Hospital and suggestions of cUnicians. The scaUng mechanism was developed based on 
the phenomenon that expansion rate of aneurysm increased monotonically from the 
aneurysm sac neck to the fundus during the progression of aneurysm expansion [23]. 
In all the scaled models, the parent artery and the aneurysm neck were kept constant. 
Figure 4 shows the scaled models. 



Numerical modeling and boundary conditions 

There is no significant difference in the fluid fields of Newtonian and Non-Newtonian 
fluid models [24]. Aenis M et al. found that the error caused by the Non-Newtonian 
fluid model was less than 2% if the vessel diameter was larger than 0.5 mm [25]. In this 
experiment, Newtonian fluid was used in the lA numerical models due to the fact that 
the inlet diameter of the vessel was about 3.478 mm and the two outlet diameters were 
about 2.832 mm and 1.264 mm, respectively. The Reynolds number based on the entrance 
velocity of the inlet was 1095. If the average Reynolds number was smaller than 2300, the 
fluid was considered to be laminar flow. The blood was assumed to be a Newtonian fluid of 
uniform, isotropy, incompressible, unsteady, and laminar flow with a density of 1050 kg/m^ 
and a dynamic viscosity of 0.0035 Pa [26]. The blood flow varied throughout the cardiac 
cycle, so the inlet boundary condition was usually assumed to be pulsating flow. The flow 
velocity could be measured through the Transcranial Doppler (TCD) examination on a 
normal subject. Then, a flow velocity curve within a cardiac cycle (0.8 s) could be obtained 
through a nonlinear fitting method (as shown in Figure 5). The vessels were modeled to be 
a hyperelastic and isotropic material with Youngs modulus of 1.2 MPa, a Poissons ratio of 
0.45 and a density of 1150 kg/m? [27]. We extended the outiet of the patient lA at the distal 
end in the normal downstream direction to 30 times the size of the vessel diameter, which 
was sufficient for the recovery of blood pressure at the lA. A zero pressure gradient in the 
flow direction was used at the outlets. No-slip flow boundary was imposed on the artery 
and aneurysm wall. For a longitudinal comparison, the same boundary condition was 
applied to all the scaled models (including the original model). 



Grid generation and computational tools 

The mesh generation was implemented with ANSYS workbench 13.0 software (ANSYS Inc, 
Canonsburg, PA, USA). The fluid model was constructed with unstructured tetrahedral 
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Figure 5 Physiologic flow conditions derived from TCD measurements on a normal subject. 

V J 



shell element and the solid model was created with hexahedral shell element. The 
fluid-solid interface mesh near the arterial wall consisted of prismatic shell elements. In 
addition, the number of elements was set to be 800,000 based on the mesh independency 
test, which showed that the changes in the hemodynamics parameters (e.g. WSS and flow 
velocity) were less than 5%. In this work, the number of elements in all the scaled lAs 
models ranged from 800,000 to 10,000,000. 

The fluid- structure interaction simulation was carried out by using finite-volume 
software (ANSYS Workbench 13.0, ANSYS Inc, Canonsburg, PA, USA). The workstation 
for ANSYS software consisted of two Intel (R) Xeon (R) processors of 2.40GHz, a RAM 
of 24.0GB, and a Windows operating system (version 7). The computation time 
was approximately 4.6 CPU hours for each scaled lA model. 

Correlation analysis 

Blood flow patterns and WSS in each aneurysm models were obtained from three 
measurement planes which divided the aneurysm sac into three parts at the level 
of the aneurysm neck plane, middle plane and top plane, respectively (Figure 6). 
The average flow velocity and average WSS of the three measurement planes were 
also calculated for the analysis of correlations with the ASR by using the SPSS 16.0 
software (SPSS Inc Chicago, Illinois). 

Results 

The numerical simulations for all lA models were carried out under the same boundary 
conditions. Fully coupled fluid-structure interaction (FSI) simulation was applied to obtain 
the wall shear stress, flow patterns and wall displacement. 

Wall shear stress 

We obtained the distribution of WSS acting on the aneurysm vessel wall at systole 
(see Figure 7). The distribution of WSS was uneven for each I A model with a specific 
ASR (including the original model), while the maximum WSS (up to 30 Pa) was observed 
at the distal of the aneurysm neck for all the models. The distribution area of low WSS 
(<0.4 Pa) in the aneurysm sac expanded and the value of low WSS decreased as the ASR 
increased. Besides, as shown in Figure 8a, a significant negative correlation (r = -0.925) 
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Figure 6 Three planes in the aneurysm sac for the quantitative analyses. Three planes in the 
aneurysm sac for the quantitative analyses were chosen at the neck (P3), the middle (P2), and the top (PI) 
of the aneurysm, which divided the aneurysm sac into three equal parts. 



was found between the ASR and the average WSS computed from three predefined 
measurement planes within the aneurysm sac. 



Blood flows 

We found that a part of blood flowed into the aneurysm sac while the remaining blood 
kept flowing along the parent vessel (as shown in Figure 9). Meanwhile, significant 
differences in blood flow velocity and vortex were observed in lA models with different 
ASRs. As the ASR increased, the blood flow patterns became more complex. In the 
aneurysm sac, with the increasing ASR, the vortices appeared gradually, the flow 
velocity decreased, and the blood flow into the aneurysm sac became smaller, especially 
when the ASR was larger than 1.5. The ASR and the average flow velocity extracted 
from the three measurement planes were found to have a strongly negative correlation. 
Beside, as shown in Figures 10 and 11, the larger the ASR, the narrower the impingement 
zone and the more concentrated the inflow jet. The inflow jet consisted of parallel inflow 
with high speed compared with other parts in the aneurysm. The impingement zone was 
the region on the aneurysm wall where the inflow jet was seen to impact the wall for the 
first time with high speed [28]. In addition, the results showed that the intra-aneurysmal 
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Figure 7 The distribution of WSS at peal< systole. The image described tlie location of tine aneurysm sac. 
And tlie remaining images sliowed WSS distribution of tine scaled models including the original aneurysm. The 
WSS distributions showed that there were significant differences between different aneurysm models. 



hemodynamic characteristics were greatly affected by the ASR, and the flow velocity 
showed a strongly negative correlation (r = - 0.938) with the ASR (Figure 8b). 



Wall displacement 

Figure 12 shows the wall displacement at systole. In this experiment, the value of wall 
displacement was approximately two folds of the vessel wall thickness (0.3 mm setted 
in all the numerical models), and the maximum wall displacement observed was about 
0.5 mm. It was noted that the location of maximum wall displacement in lA models 
with different ASRs varied significantly. When the ASR > 1.7 or 0.7 < the ASR < 1.0, the 
maximum wall displacement occurred at the apex of the aneurysm with a deformation 
range of 0.2-0.4 mm. 

Discussion 

In current studies, longitudinal experiments have been adopted to explore the relationship 
between the aspect ratio and hemodynamics based on real lA growth models or virtual 
I A scaled models [16]. However, there were few tracking time points of patients with I As 
for longitudinal experiments due to the fact that a timely clinical treatment should be 
carried out upon the diagnosis of lAs. Besides, individual differences of lAs can lead to 
different hemodynamic changes which might result in different conclusions especially in 
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the longitudinal experiments with small sample size. As for virtual lA models, previous 
works mostly focused on a series of idealized lA models [22]. In this paper, we proposed a 
novel scaling method of lAs based on patient-specific 3DRA data to investigate the impact 
of ASR on some hemodynamic parameters, which could be further used to predict 
the lA rupture risk. The ASR could avoid the uncertainty of classical aspect ratio due to 
the rotation of aneurysm image. Besides, the expansion of lAs was a linear scaling of the 
patient-specific models by changing the ASR and keeping other morphological parameters 
constant, which might contribute to the longitudinal simulated experiments of lAs. 

In last decades, a close relationship between hemodynamic parameters and the 
rupture risk of lAs has been found. WSS was an important hemodynamic parameter 
related to the remodeling of vessel wall. A negative effect of low WSS on vascular 
endothelial cell has been reported, suggesting that the low WSS might be a key 
factor related to the growth and rupture of lAs [29]. A low WSS was found at the 
regions where an aneurysm usually was located and the rupture risk increased with 




ASR=1.3 ASR=1.5 ASR=1.7 ASR=2.0 



Figure 9 Blood flow streamlines within the aneurysm models at peak systole. The image described 
tine flow velocity, quantity, and vortex in all the scaled models including the original model. Obvious 
variations could be observed with the changes of ASR. 

V J 
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Figure 10 The changes of impingement zone of aneurysm models with different ASRs. The 

impingement became narrower as tine ASR increased especially when the ASR> 1.5. 



the growth of the aneurysm [30-32], Besides, a vitro experiment demonstrated that the 
degeneration of endothelial cell occurred due to the exposure of vessel endothelium and 
the low WSS (< 0.4 Pa) [31,33,34]. The results of our experiments showed that the area of 
low WSS (< 0.4 Pa) became larger as the ASR of I As increased, which implied a negative 
correlation between the WSS and the ASR. In addition, previous works showed that large 
deformation of the vessel wall within the aneurysm was located at the dome of lA [35]. In 
our experiment, when the ASR > 1.7 or 0.7 < the ASR < 1.0, the maximum deformation 
appeared at the apex of the aneurysm sac with a range of 0.2-0.4 mm. Based on the 
clinical experience that large deformation of the vessel wall increases rupture risk [35], we 
concluded that the rupture risk was high when the ASR was in a particular range. 
A comparison between a numerical simulation analysis and the clinical disease history 
showed that un-ruptured lAs commonly had a simple and stable flow pattern with a large 




ASR=1.3 



ASR=1.5 



ASR=1.7 



ASR=2.0 



Figure 11 The changes of inflow jet of aneurysm models with different ASRs. The cutting plane for 
illustration of inflow jets was set by manually choosing three points on the original parent vessel surface 
and was applied for all the scaled models. The inflow jet became concentrated as the ASR increased 
especially when the ASR > 1 .5. 
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Figure 12 The wall displacements of the vessel within all the aneurysm models. The large 
displacements occur at the apexes of the scaled aneurysm models which are shown obviously especially 
when ASR = 0.7, 1.0, 1.5. 



impingement zone and large inflow jet region. On the other hand, a disturbed flow 
pattern with a small impingement zone and small inflow jet region were usually found in 
ruptured lAs [36]. Complex flow patterns, which were considered to increase the rupture 
risk of lAs [30,37], were observed as the ASR became larger in our experiments. Based on 
the fact that slow blood velocity could cause the low WSS acting on vessel wall, which led 
to the final rupture of lAs, we speculated that the ASR, which related to the flow patterns 
and WSS, could be regarded as an lA rupture risk factor. 

In this work, a unified blood viscosity was applied to all the scaled lA models (including 
the original model), which was not so accurate as the real blood viscosity is affected by 
the haematocrit, osmotic pressure and temperature in a particular patient. As for the 
boundary conditions, the inlet flow velocity was set based on experiment records 
of a normal person through Doppler ultrasound. Due to the unchanged geometry 
of parent vessel, the same material properties and boundary conditions were used 
in all the scaled lA models for the investigation of hemodynamic variations caused 
by the changed ASR alone. The longitudinal analysis was focused on the differences of 
hemodynamics parameters spatial distribution other than the absolute values of 
hemodynamics, which was meaningful to some extent for lAs rupture risk stratification. 

Effects of morphological and hemodynamic parameters of lAs on the rupture should 
be further studied based on numerous real patient-specific datasets, more reliable 
modelling techniques, more reliable numerical simulation procedures and more adequate 
qualitative and quantitative analysis. A further understanding of physiological mechanism 
can help us improve the expansion or scaling method, and the parameters in our 
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proposed scaling method should be set based on more real patient longitudinal data. This 
work is an exploratory attempt of advanced virtual simulations of lAs in that a series of 
scaled lAs were constructed to investigate the relationship between the ASR and some 
hemodynamic parameters. We will continue this study to develop more sophisticated 
scaling methods of lAs to investigate the impacts of other shape indices (e.g. undulation, 
non-sphericity and ellipticity) on the hemodynamics and the rupture risk of lAs. 



Conclusion 

Hemodynamic variations of a series of lA models with different ASRs showed that the 
ASR affected the hemodynamic characteristics including wall shear stress, flow patterns 
and vessel wall displacement. And since these hemodynamic parameters have impacts 
on the lA rupture risk, ASR can be regarded as an lA rupture risk factor. Besides, the 
scaling method proposed in this paper may provide the foundation for constructing 
more sophisticated expansion models of lAs, which will be helpful for the investigation 
of effects of aneurysm morphological parameters on hemodynamic characteristics. 

Abbreviations 

ASR: Aneurysm Size Ratio; 3DRA: 3-D Rotational Angiography; lA: Intracranial Aneurysm; FSI: Fluid-structure Interaction; 
WSS: Wall Shear Stress. 

Competing interests 

The author's declare that they have no competing interests. 
Authors' contributions 

YL: made substantial contributions to the conception, design, analysis and interpretation of data, and has drafted the 
manuscript. HY and ZZ: made contributions to the design of the work and revision of the manuscript. YZ, YW and XY: 
made contributions to acquisition of data. HL: the corresponding author, made contributions to the conception and 
interpretation of data, have given the final approval of the version to be published. All authors read and approved the 
final manuscript. 

Authors' information 

The first author. There is only one first author named Yunling Long. 
Acknowledgements 

This work was supported by National Natural Science Foundation of China, Grant (No. 81220108007), Medicine and 
Clinical Cooperative Research Program of Capital Medical University, Grant (No. 13JL04, No. 13JL49) and Beijing Natural 
Science Foundation (No. 4122018). 

Author details 

^School of Biomedical Engineering, Capital Medical University, Beijing 100069, China. ^Beijing Neurosurgical Institute, 
Beijing Tiantan Hospital, Beijing 100050, China. 

Received: 10 October 2013 Accepted: 1 1 February 2014 
Published: 17 February 2014 

References 

1. Cebral JR, Castro MA, Burgess JE, Pergolizzi RS, Sheridan MJ, Putman CM: Characterization of cerebral aneurysms 
for assessing risk of rupture by using patient-specific computational hemodynamics models, AJNR Am J 
Neuroradiol 2004, 26:2550-2559. 

2. Foutrakis GN, Yonas H, Sclabassi RJ: Saccular aneurysm formation in curved and bifurcation arteries. AJNR Am J 
Neuroradiol 1999, 20:1309-1317. 

3. Weir B: Unruptured intracranial aneurysms: a review. J Neurosurg 2002, 96:3-42. 

4. Linn FH, Rinkel GJ, Algra A: Incidence of subarachnoid hemorrhage: role of region, year, and rate of computed 
tomography: a meta-analysis. Stroke 1996, 27:625-629. 

5. Tomasello F, Avella D, Salpietro FM: Asymptomatic aneurysms: literature meta-analysis and indications for 
treatment. J Neurosurg Sci 1998, 42:47-51. 

6. Winn HR, Jane JA, Taylor J: Prevalence of asymptomatic incidental aneurysms: review of 4568 arteriograms. 
J Neurosurg 2002, 96:43-49. 

7. Kaminogo M, Yonekura M, Shibata S: Incidence and outcome of multiple intracranial aneurysms in a defined 
population. Stroke 2003, 34:16-21. 

8. Beck J, Rohde S, Berkefeld J, Seifert V, Raabe A: Size and location of ruptured and unruptured intracranial 
aneurysms measured by 3-dimensional rotational angiography. Surg Neurol 2006, 65:18-27. 

9. Juvela S: Prehemorrhage risk factors for fatal intracranial aneurysm rupture. Stroke 2003, 34:1852-1858. 



Long et at. BioMedical Engineering OnLine 2014, 13:17 
http://www.bionnedical-engineering-online.conn/content/13/1/17 



Page 14 of 14 



10. International Study of Unruptured Intracranial Aneurysms Investigators (ISUIA): Unruptured Intracranial 
Aneurysms: natural history, clinical outcome, and risks of surgical and endovascular treatment. Lancet 2003, 
362:103-110. 

11. Bederson JB, Awad lA, Wiebers DO, Piepgras D, Haley EC, et al: Recommendations for the management of 
patients with unruptured intracranial aneurysms: a statement for healthcare professionals from the stroke 
council of the American Heart Association. J /\m Heart Association 2000, 102:2300-2308. 

12. Komotar JR, Zacharia BE, Otten ML, Mocco J, Lavine SD: Controversies in the endovascular management of 
cerebral vasospasm after intracranial aneurysm rupture and future directions for therapeutic approaches. 
Neurosurgery 2008, 62(4):897-905. 

13. Juvela S, Porras M, Poussa K: Natural history of unruptured intracranial aneurysms: probability of and risk 
factors for aneurysm rupture. J Neurosurg 2008, 108(5):1 052-1 060. 

14. Wiebers DO, Whisnant JP, Huston J, Meissner I, Brown RD, Piepgras DG: Unruptured intracranial aneurysms: 
natural history, clinical outcome, and risks of surgical and endovascular treatment. Lancet 2003, 362:103-1 10. 

15. Tremmel M, Dhar S, Elad I, Mocco J, Meng H: Influence of intracranial aneurysm to patient vessel size ratio on 
hemodynamics and implication for rupture: results from a virtual experimental study. Neurosurgery 2009, 
64:622-631. 

16. Tateshima S, Tanishita K, Omura H, Villablanca JP, Vinuela F: Intra-Aneurysmal hemodynamics during the growth 
of an unruptured aneurysm: in vitro study using longitudinal CT angiogram database. AJNR Am J Neuroradiol 

2007, 28:622-627. 

17. Brent U, Rossmann JS: Numerical simulation of saccular aneurysm hemodynamics: influence of morphology 
on rupture risk. J Bionneclianics 2007, 40:2716-2722. 

18. Millan RD, Pompeu FU, Dempere ML, Pozo JM, Cebral JR: Morphological characterization of intracranial 
aneurysms using 3-D moment invariants. J magazines 2007, 26(9):1 270-1 282. Barcelona. 

19. Tateshima S, Chien A, Sayre J, Cebral JR, Vinuela F: The effect of aneurysm geometry on the intra-aneurysmal 
flow condition. Neuroradiology 2010, 52:1 135-1 141. 

20. Dhar S, Tremmel M, Mocco J, Kim M, Yamamoto J, Siddiqui AH, Hopkins LN, Meng H: Morphology parameters 
for intracranial aneurysm rupture risk assessment. Neurosurgery 2008, 63(2):185-197. 

21. Avolio A, Farnoush A, Morgan M, Qian Y: Hemodynamic models of cerebral aneurysms for assessment of effect 
of vessel geometry on risk of rupture. In Proceedings of 31st Annual International Conference ofttie IEEE EMB5: 
3-6 Sept Minneapolis, Minnesota, USA: IEEE Xplore; 2009:2351-2353. 

22. Rohini R: Hemodynamics and natural history outcome in unruptured intracranial aneurysms. In PtiD ttiesis. 
Iowa Research Online: University of Iowa, Biomedical Engineering department; 2012. 

23. Kroon M: Simulation of cerebral aneurysm growth and prediction of evolving rupture risk. Model Simul Eng 

2011, 10:1155-1165. 

24. Perktold K, Peter R, Resch M: Pulsatile non-Newtonian blood flow simulation through a bifurcation with an 
aneurysm. Biorheology 1989, 26:101 1-1030. 

25. Aenis M, Stancampiano AP, Wakhloo AK, Lieber BB: Modeling of flow in a straight stented and nonstented side 
wall aneurysm modelJ Biomecti Eng 1997, 119:206-212. 

26. Gao F, Ohta 0, Matsuzawa T: Fluid-structure interaction in layered aortic arch aneurysm model: assessing the 
combined influence of arch aneurysm and wall stiffness. Australas Phys Eng Sci Med 2008, 31(1):32-41. 

27. Humphrey JD, Canham PB: Structure, mechanical properties, and mechanics of intracranial saccular 
aneurysms. J Elasticity 2000, 61 :49-81 . 

28. Gasteiger R, Lehmann DJ, Van Pelt R, Gabor J, Beuing 0, Vilanova A, et ah Member automatic detection and 
visualization of qualitative hemodynamic characteristics in cerebral aneurysms. IEEE Trans Vis Comput Graph 

2012, 1 8(1 2):21 78-21 87. 

29. Shojima M, Oshima M, Takagi K, Torii R, Hayakawa M, Katada K, Morita A, Kirino T: Magnitude and role of wall 
shear stress on cerebral aneurysm computational fluid dynamic study of 20 middle cerebral artery 
aneurysms. Stroke 2004, 35:2500-2505. 

30. Meng H, Wang Z, Hoi Y, Gao L, Metaxa E, Swartz DD, Kolega J: Complex hemodynamics at the apex of an 
arterial bifurcation induces vascular remodeling resembling cerebral aneurysm initiation. Stroke 2007, 
38:1924-1931. 

31. Maiek AM, Alper SL, Izumo S: Hemodynamic shear stress and its role in atherosclerosis. JAMA 1999, 

282:2035-2042. 

32. Kaiser D, Freyberg MA, Friedl P: Lack of hemodynamic forces triggers apoptosis in vascular endothelial cells. 
Biochem Biophys Res Commun 1997, 231:586-590. 

33. Nam D, Ni C, Rezvan A, Suo J, Budzyn K, Llanos A, Harrison D, Giddens D: Partial carotid ligation is a model of 
acutely induced disturbed flow, leading to rapid endothelial dysfunction and atherosclerosis. Am J Physiol 
Heart Circ Physiol 2009, 297:1 535-1 543. 

34. Barakat Al, Davies PF: Mechanisms of shear stress transmission and transduction in endothelial cells. Chest 
1998, 114:58-63. 

35. Ma B, Lu J, Harbaugh RE, Raghavan ML: Nonlinear anisotropic stress Analysis of anatomically realistic cerebral 
aneurysms. J Biomech Eng 2007, 129(1):88-96. 

36. Cebral JR, Castro MA, Burgess JE, Pergolizzi R, Sheridan MJ, Putman CM: Characterization of cerebral aneurysm 
for assessing risk of rupture using patient-specific computational hemodynamics models. AJNR Am J 
Neuroradiol 2005, 26:2550-2559. 

37. Ujiie H, Tamano Y, Sasaki K, Hori T: Is the aspect ratio a reliable index for predicting the rupture of a saccular 
aneurysm? Neurosurgery 2001, 48:495-503. 



doi:1 0.1 1 86/1 475-925X-1 3-1 7 

Cite this article as: Long et al.: A geometric scaling model for assessing the impact of aneurysm size ratio on 
hemodynamic characteristics. BioMedical Engineering OnLine 2014 13:17. 



